Immune dysfunction is caused by various factors, including changes in relevant immune regulators and environmental stress. Immune system imbalance leads to a variety of diseases in humans. Nutrition may play an essential role in immunity by interfering with proinflammatory cytokine synthesis, immune cell regulation, and gene expression. Polyphenols, one of many categories of natural substances, exhibit a range of biological activities. Polyphenols promote immunity to foreign pathogens via various pathways. Different immune cells express multiple types of polyphenol receptors that recognise and allow cellular uptake of polyphenols, which subsequently activate signalling pathways to initiate immune responses. Furthermore, the polyphenols curcumin and epigallocatechin gallate can induce epigenetic changes in cells. In summary, polyphenols can be used to regulate intestinal mucosal immune responses, allergic diseases, and antitumour immunity.
Introduction
Immune system function is closely related to human health. Therefore, the pathogeneses of many human diseases involve immune function. This link has led to extensive experimental studies of immune mechanisms in many pathological contexts. Immune dysfunction has many unforeseen consequences. For example, immune dysfunction in the intestinal mucosa triggers diarrhoea in the host and can negatively influence the balance of the intestinal microflora [1] . Accordingly, functional foods, defined as those providing specific nutrition or targeting multiple functional components, are considered a form of preventive medicine [2] .
Polyphenols are well-known, pharmacologically active compounds with immunomodulatory activity [3] . This category includes flavonoids, phenolic acids, and stilbenoids, which are ubiquitously produced in plants and exist either as free aglycones or in a state of esterification with glucose and other carbohydrates (glycosides) [4] . Consequently, the absorbed polyphenols interact with the intestinal immune system, leading to both protective and harmful reactions in the host [5] . Polyphenols vary in terms of stability, especially in the context of intestinal digestion. For example, compounds such as anthocyanin and flavonoids are relatively unstable in the duodenum [6] , whereas total polyphenols and anthocyanins are generally very stable at simulated in vitro gastrointestinal digestion, with approximate recovery rates of 93% and 99%, respectively [7] . Current evidence strongly suggests that polyphenols contribute to the prevention of several immune diseases. For example, polyphenols in red wine can significantly increase the level of interleukin-(IL-) 21 and decrease the release of IL-1β and IL-6 [8] . Furthermore, both a polyphenol-enriched diet and Ascaris suum infection were found to modulate porcine mucosal immune responses and gut microbiota compositions [1] . In animal experiments, polyphenols can be administered via the drinking water [9] or gavage into the stomach [10] .
In this review, we first introduce the classification and structure of polyphenols and then elucidate the different actions of polyphenols mainly from the perspectives of molecular immunity and epigenetic inheritance. Additionally, we summarise the effects of polyphenols on different types of immune responses.
fruit, and tea. The polyphenol family comprises a range of molecules with more than 8000 structural variants. These molecules are secondary metabolites of plants and contain many aromatic rings with one or more hydroxyl moieties [11] . Polyphenols are mainly classified by chemical structure and are distinguished from other chemical compounds by the combination of one or more hydroxyl compounds with aromatic rings (phenols). These molecules can be subclassified into flavonoids, phenolic acids, tannins, and stilbenes ( Figure 1 ). In foods, polyphenols are present in complex mixtures and mostly exist as esters, glycosides, or polymers, which are not absorbed in their natural forms.
Dietary polyphenol consumption involves the prohost effect, wherein some (but not all) polyphenols are absorbed in the small intestine. The unabsorbed compounds must be enzymatically hydrolysed by the intestine to facilitate absorption, after which released glycosides with high lipid contents can be taken up by epithelial cells via passive diffusion or active transport.
Flavonoids generally feature a benzophenone structure with two or more aromatic rings, each of which contains one or more phenolic hydroxyl groups connected by a carbon bridge [3] . Phenolic acids are secondary metabolites of plants and fungi and are produced to prevent damage from ultraviolet light, insects, viruses, and bacteria. Additionally, some plant species produce phenolic compounds to inhibit the growth of other plant competitors [12] . Numerous studies in vivo and in vitro have demonstrated the antioxidant [13] , anti-inflammatory [14] , and antitumour properties of polyphenols [15] . However, it is important to note that polyphenols differ in terms of the environment in which they are encountered and elicited responses both in vivo and in vitro.
Phenolic acids can be subclassified as hydroxybenzoic acid and hydroxycinnamic acid, which are, respectively, derived from the phenolic molecules benzene and cinnamic acid [16] . Phenolic acids are organic carboxylic acids that each contains a phenolic ring, which is equipped with the C6-C1 of the p-hydroxybenzoic acid or the C6-C3 of the hydroxycinnamic acid. The maximum absorption peaks of p-hydroxybenzoic acid or hydroxycinnamic acid are detected at 280 and 320 nm, respectively [17, 18] . Ferulic acid inhibits the production of tumour necrosis factor-(TNF-) α in RAW264.7 cells stimulated with lipopolysaccharide (LPS) [19, 20] . Immunological studies have shown that phenyl ethyl caffeate strongly and significantly inhibits the expression of interferon gamma-induced protein-(IP-) 10 in response to TNF, as well as the production of lymphoid factors and activation of nuclear factor-(NF-) κB [21] [22] [23] .
Stilbenes are a class of compounds characterised by a 1,2-diphenylethylene skeleton. These compounds exhibit extraordinary potential in the biomedical field. For example, the stilbene resveratrol is potentially very beneficial for human immunity and antioxidative mechanisms. Resveratrol has been shown to directly target central cellular components of innate and adaptive immunity, such as macrophages, large lymphocytes, and dendritic cells (DCs). Furthermore, previous research has identified few significant adverse effects of resveratrol [24, 25] . In animal experiments, resveratrol exerts an immunomodulatory effect by decreasing the expression of the activating receptors CD28 and CD80 on immune cells and increasing the production of the immunosuppressive cytokine IL-10. Tannins were originally identified in astringent plant extracts, prior to chemical structure analysis. Tannins have since been divided into two subgroups according to the type of polyphenol group within the molecule: phthalic tannins and catechintype tannins [26] .
Polyphenols Use Various Immunomodulatory Mechanisms
Decades of research on polyphenols have led to several insights regarding the effects of polyphenols on immune function. Each type of polyphenol targets and binds to one or more receptors on immune cells and thus triggers intracellular signalling pathways that ultimately regulate the host immune response. Dietary interventions that involve polyphenols may modulate immune responses by affecting epigenetic mechanisms, such as regulatory DNA methylation, histone modification, and microRNA-mediated posttranscriptional repression that alter the expression of genes encoding key immune factors.
Immune cells express many receptors that allow the transmission of external stimuli to activation processes within the cell in vivo. Currently, researchers are studying a range of polyphenol receptors. Epigallocatechin gallate (EGCG) targets three different cellular receptors: the 67 kDa laminin receptor (67LR), zeta chain-associated 70 kDa protein (ZAP-70), and retinoic acid-inducible gene (RIG-I) [27, 28] . Of these, 67LR is expressed by neutrophils, monocytes/macrophages [29, 30] , mast cells, and T cells [31, 32] and regulates the adhesion and inflammatory processes of these cells. EGCC has the ability to inhibit the activity of ZAP-70 by inhibiting the T cell-induced pathway mediated by CD3 in the leukemic cells [33] . The signal transduction pathway downstream of RIG-I triggers the interferon reaction [34] . The aromatics receptor (AhR), which is also known as the naringin and dioxin receptor, is a member of the alkaline helix-ring-helix/Per-Arnt-Sim homologous family and the receptor of naringenin. Dietary flavonoid naringin induces regulatory T cells through AhR-mediated pathways [35] . These receptors appear to be involved in various types of toxicity [36, 37] . The transcription factor specific protein 1 (Sp1) is strongly expressed on many cancer cells [38] . Resveratrol effectively inhibits tumor growth by inhibiting Sp1 expression and inducing apoptotic cell death, and Sp1 becomes a novel molecular target for resveratrol in human malignant pleural mesothelioma [39] . The Toll-like receptor (TLR) 4, T cell receptor (TCR) αβ, and IgM-(sIgM-) B-cell receptor are receptors for baicalin (BA) on T and B cells, and BA can regulate innate and adaptive immune regulation by upregulating those immune receptors [40] . These receptors change under specific conditions to regulate immune factors in the host [40] .
Many studies have investigated the effects of polyphenols on various types of immune cells, such as primary macrophages, to identify potential targets [41, 42] . One research group used healthy peripheral blood mononuclear cells (PBMC) as a model in which to monitor NO production. Their results demonstrated that red wine could induce NO production by human monocytes and that the vasodilatory actions of the subsequently released NO could prevent atherosclerosis [43] . Moreover, dihydroxyl phenolic acid, a product of microbial metabolism, exhibits anti-inflammatory properties in vitro; specifically, it reduces the secretion of TNF-α, IL-1β, and IL-6 from the PBMCs of healthy subjects [44] . DCs are the most effective antigen-presenting cells (APCs) in the innate immune system. These cells act as key immune sentinels with the unique ability to integrate and deliver large quantities of incoming signals to lymphocytes and thereby initiate and regulate an adaptive immune response [45] . Some studies have found that polyphenols affect various aspects of DC biology, such as differentiation [46] and maturation [47] , and the underlying mechanisms have been partially elucidated. TLR connections induce the activation of the mitogen-activated protein kinase (MAPK), Akt, and nuclear factor-(NF-) κB pathways, leading to DC activation [47, 48] . Regulatory T cells (Tregs) contribute to the maintenance of immune tolerance and, therefore, the inhibition of autoimmunity [49] .
As noted, dietary components can selectively activate or inactivate gene expression via epigenetics, wherein gene expression is altered without changing the underlying DNA sequence [50] . Diet and other environmental factors can cause epigenetic changes with potentially important immune effects [51] . The findings of many studies emphasising the importance of the environment in terms of epigenomics support the concept that maternal influence via dietary habits may cause permanent epigenomic changes in the offspring [52, 53] . Polyphenols can modulate epigenetic patterns by altering the levels of S-adenosylmethionine and S-adenine isoforms or by directing factors involved in DNA methylation and histone modification [54] . Curcumin (diferuloylmethane), a component of turmeric (Curcuma longa), has recently been identified as an inducer of epigenetic change [55] . EGCG can affect the epigenome by inhibiting DNA methyltransferase-1 (DNMT1) and gene transcription [56] . DNA methyltransferases (DNMTs) comprise a family of enzymes that methylate DNA at the C5 sites of cytosine residues, and the inhibition of these enzymes has been shown to effectively treat various developmental and proliferative diseases [57] . The main type of polyphenol in green tea, EGCG, inhibits DNMT activity and reactivates gene methylation (i.e., silencing) in cancer cells [58] . Furthermore, epigenetic regulation mediated by polyphenols also affects microRNA expression in various biological processes in multiple cell types [59, 60] . A dietary intervention study conducted in apoE-deficient mice demonstrated that nutrient doses of polyphenols could regulate microRNA expression in the liver. Analyses of microRNA targets and mRNA pathways suggest that polyphenols can regulate cell functions at both levels [61] .
Regulatory Effects of Polyphenols on Different Immune Responses
Polyphenols vary in terms of source and type (e.g., tea polyphenols, red wine polyphenols, the polyphenolic fraction of Cinnamomum zeylanicum bark (PP-CZ), and E polyphenols), as well as functions. The following section mainly discusses the effects of polyphenols on intestinal mucosal immunity, allergic reactions, and antitumour responses.
Polyphenols Regulate the Intestinal Mucosal Immune
Response. Polyphenols are bioactive substances that promote intestinal health via various mechanisms, such as the regulation of mucosal immunity and inflammation. The gut innate immune system contains three lines of defence: the mucosal layer, epithelium, and lamina propria. The mucosal layer is the first line of host intestinal defence against foreign pathogens [62] . Many studies of the regulatory effects of polyphenols on intestinal immune function have yielded powerful evidence and warranted subsequent studies. The nutritional protection of polyphenol-induced abnormal crypt lesions may represent a key step in the prevention of gastrointestinal tract tumours via decreasing abnormal crypts [63] . Polyphenols derived from plums may target the Akt/mTOR pathway and microRNA 143, both of which have been identified as potential factors in colon cancer tumorigenesis [64] . Gastrointestinal helminths are among the most common pathogens affecting both humans and livestock worldwide. In vivo experiments have shown that polyphenols enhance intestinal mucosal immunity by increasing the populations of intraepithelial T cells and mucosal eosinophils, as well as the propionate concentration in the distal colons of pigs infected with Ascaris suum [1] . Curcumin significantly increased the immune index of IgA in the guts of rats fed a high-fat diet [65] . Cocoa has been shown to modulate gut immune responses in young mice by increasing the percentage of γδ TCR T cells and lowering the effect of IgA [66, 67] .
Polyphenols Regulate Allergic Diseases.
Allergic disease affects humans at all stages of life (i.e., new-born to elderly) and often has a genetic predisposition. Many factors appear to contribute to the development of allergies [68] . Polyphenols have been identified as immune regulators with antiinflammatory effects [69] . Quercetin, which is expressed widely in plants, is a flavonoid compound with multiple pharmacological effects [70] . Polyphenols, which possess the well-known ability to scavenge free radicals, also exhibits antiallergic effects, including inhibition of histamine release, reduction of proinflammatory cytokines, and leukocyte production [71] . Polyphenols have also been shown to regulate the Th1/Th2 balance and inhibit antigen-specific IgE antibody formation. Two mechanisms may be involved in this process. First, polyphenols may affect the formation of the allergen-IgE complex [72] ; second, these compounds may affect the binding of this complex to its receptors (FceRI) on mast cells and basophils [73] . The ingestion of tannins isolated from apples has been shown to prevent the development of food allergies, and this effect may be associated with an increase in the proportion of γδ TCR T cells in intestinal intraepithelial lymphocytes [74] .
4.3. Antitumour Effects of Polyphenols. Although molecular targets of polyphenolic anticancer activity have been detected, strong evidence also suggests that polyphenols may also exert anticancer activities through immune-mediated mechanisms. Immunogenic cell death (ICD) is defined as a pattern of cell death that stimulates an immune response to an antigen from a dead cell, particularly a cancer cell [75] . The strength of a response to ICD is mainly mediated by damage-associated molecular pattern molecules, which include the surface-expressed molecule calreticulin and the secreted molecules ATP and high-mobility group protein B1 (HMGB1) [76] . Gomez-Cadena et al. [77] found that a gallotannin-rich fraction obtained from Caesalpinia spinosa (P2Et) induced spontaneous tumour cell apoptosis, as determined by the activation of caspases 3 and 9, mobilisation of cytochrome C, and externalisation of annexin V on the cell surface. In a subsequent experiment with C57BL/ 6 mice, the protective effects of P2Et treatment were abolished in immunodeficient mice and were reduced following the depletion of CD4 + and CD8 + T cells. These results suggest that the antitumour activity of P2Et requires the immune system and is at least partly T cell-dependent. Moreover, many studies have proven the antitumour activities of polyphenols. Polyphenol E inhibits the tumour growth by targeting both myeloid-derived suppressor cells (MDSC) and CD8 + T cells. In vitro, polyphenol hinders MDSC development and migration, promotes the differentiation of these cells into a more neutral form via signalling through 67LR, and induces the expression of the granulocyte colonystimulating factor [77] . Dietary polyphenols induce cancer cell apoptosis by enhancing signalling through the TNFrelated apoptosis-inducing ligand-(TRAIL-) mediated apoptotic pathway [78] .
Conclusion
With the discovery and utilization of functional foods, studies have increasingly investigated more suitable candidates among natural products. Polyphenols have been shown to enhance antitumour immune activity, as well as immunomodulatory processes and intestinal mucosal immunity. Many studies have explored and verified the biological activities of polyphenols in vivo and in vitro and have consequently elucidated many of the underlying regulatory mechanisms. Regarding the future development of polyphenols as immune factors, we propose the following recommendations:
(1) It is fruitful to investigate the suitable time, dose, and means of polyphenols to optimise its functions in a large number of animal models and in human subjects. Polyphenols are widely expressed in fruits and vegetables, and many epidemiological studies have shown that the consumption of these compounds via fruits and vegetables can reduce the incidence of a variety of chronic diseases. However, the actual results from the intervention experiments have differed from the expected results. Although the reasons for this discrepancy are not fully understood, they include potential differences in doses, interactions with the food matrix, and the differences in the bioavailability of polyphenols [79] . Therefore, an improved bioavailability would likely improve the beneficial effects of polyphenols in the host.
(2) Polyphenols affect various mechanisms within different immunological responses, and thus, targeted immunotherapy requires an understanding of these mechanisms of action. Regarding immune protection, polyphenols can not only regulate the host immune system but also directly target the pathogen.
To increase the efficacy of polyphenols, researchers must not only understand the immunological effects of different types of polyphenols but also determine the appropriate mechanism.
(3) Different populations and age groups harbour different microbial populations, and the interactions between these microbes and immune cells are not negligible. Polyphenols play a vital role in the microbial community, as they have positive effects on the microbes. Simultaneously, these microbes promote the oxidation and degradation of polyphenols. Therefore, polyphenols may change the immune capacity of the host by altering the microbiota. In addition, polyphenols and conventional antimicrobial agents may exert synergistic effects on clinical multidrug-resistant microbes when administered in combination.
(4) Notably, both the environment and polyphenol doses vary, and these variances are further affected by differences between in vivo and in vitro settings. Therefore, additional studies are needed to determine the immune responses to polyphenols in animal models, as well as the related health outcomes. Undoubtedly, the in vivo environment is more complex and malleable, compared to the in vitro environment. Accordingly, in vitro studies can only be used as references for in vivo experiments and cannot be used to determine the long-term effects of polyphenol supplementation on human health.
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